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The regulation of microRNAs (miRNAs) is a complicated process requiring a large number of molec-
ular events to be coordinated in both space and time. It is not known whether this complicated reg-
ulation process constrains the organization of target genes on mammalian chromosomes. We
performed a genome-wide analysis to provide a better picture of chromosomal organization of
miRNA target genes. Our results showed clustering of the target genes (TGs) of miRNAs on mamma-
lian chromosomes, and further revealed that the particular gene organization is constrained by
miRNA regulation. The clustering pattern of TGs provides an insight into the complexity of miRNA
regulation.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The microRNAs (miRNAs) are small non-coding RNAs that act
as post-transcriptional regulators of gene expression by targeting
the mRNAs at speciﬁc sites to induce cleavage of the message or
to inhibit translation [1–4]. It is estimated that up to 30% of all
protein-coding genes are regulated by miRNAs in mammals
[5–7]. miRNA regulation plays critical roles in multiple biological
processes, including cell cycle control and growth, apoptosis and
so on [8]. As we known, an miRNA may target multiple mRNAs,
and one mRNA can also be targeted by multiple miRNAs [9].
The relationship between mRNA and miRNA is many-to-many,
which makes the post-transcriptional regulation to be a complex
network process [10,11]. The biosynthesis of miRNAs and mRNAs
is also complex and includes transcription, nuclear processing,
nuclear export, cytoplasm processing, etc. [12–14]. Only from
the transcription level of miRNA and mRNA, it may be affected
in two major aspects of chromatin organization. First, chromatin
allows chromosomal segments to switch between suppressing
and activating transcription, which involves changes in nucleo-
some occupancy and chromatin structure [15,16]. Second, nuclear
architecture includes the dynamic organization of chromosomeschemical Societies. Published by Eand chromosomal loci, which can inﬂuence gene expression
[17–19]. Given the intricacies of miRNA regulation, we asked
whether the whole miRNA regulation network constrains the
organization of TGs in the chromosomes. This question was ad-
dressed by exploring the optimization of miRNA regulation on a
global scale, such as the efﬁcient expression of relevant genes un-
der speciﬁc conditions, which could greatly beneﬁt our under-
standing of the complex machinery underlying miRNA regulation.
Several studies have reported that miRNAs are not distributed
at random within chromosomes [20,21]; however, the literature
contains few reports focused on how miRNA TGs are organized
in chromosomes [22,23]. In this study, we used the data for miR-
NAs and TGs of Homo sapiens, Rattus norvegicus, Mus musculus,
Macaca mulatta and Pan troglodytes in the miRBase, miRGen and
miRNAMap databases. We asked whether the genes regulated
by identical miRNA are enriched in speciﬁc chromosomes and
chromosome bands, whether TGs tend to be clustered within spe-
ciﬁc chromosomal intervals, whether miRNAs in the same chro-
mosome tend to regulate genes located in the same
chromosome, and whether the clustering pattern of the TGs is
correlated with any chromosomal characteristic. The results show
that miRNA TGs are clustered in chromosomes and within chro-
mosome bands, and the number of miRNAs with TGs enriched
in the chromosomes is not signiﬁcantly correlated with the phys-
ical size of the chromosome or gene content, but with gene
density.lsevier B.V. All rights reserved.
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2.1. miRNA genes and target genes
Human miRNAs and TGs were obtained from three databases:
miRBase version 12.0 [24], miRGen 2.0 [25] and miRNAMap 2.0
[26,27]. The numbers of miRNAs, target genes and regulation rela-
tionships downloaded from these databases were as follows: miR-
Base, 711, 17230 and 433,617; miRGen, 494, 19386 and 502,810;
miRNAMap, 470, 6063 and 500,621, respectively.
The number of miRNAs and regulation relationships of R. nor-
vegicus, M. musculus, M. mulatta and P. troglodytes downloaded
from miRBase 12.0 were: 348 and 329,582; 568 and 534,885; 70
and 77,472; and 80 and 20,488, respectively.
2.2. Genes and gene location information
For human, gene location information was extracted from the
NCBI MapView database(ﬁle, cyto_gene.md.gz) and the Gene Card
database [28,29]. 32885 gene records with the information of the
chromosome, band and GeneID were obtained from cyto_gen-
e.md.gz ﬁle and 32432 gene records were reserved after deleting
the reduplicate records. Chromosome and band information of all
TGs were extracted from the reserved genes records, and 14247,
16080 and 5072 TGs with chromosome and band information were
extracted respectively in miRBase, miRGen and miRNAMap dat-
abases. The start and end chromosome locations of these genes
were extracted from the GeneCards databases by using an online
extraction procedure which we edited by java language. For R. nor-
vegicus, M. musculus, M. mulatta and P. troglodytes, 28,113, 31,805,
28,921 and 25,893 genes, respectively, with chromosomes, chro-
mosome bands, chromosome start and chromosome end location
information were obtained from the Ensembl database [30].
2.3. Human fragile sites and miRNA families
Human fragile sites were downloaded from HGNC database
[31]. 117 fragile sites were obtained. miRNA families were down-
loaded from miRBase database [24]. 1148 miRNA families were
obtained.
2.4. Chromosome and chromosome band enrichment analysis
A hypergeometric test [32] was used to determine whether the
TGs are signiﬁcantly enriched in speciﬁc chromosomes or chromo-













where N is the number of all TGs annotated with chromosome loca-
tion information, K is the number of TGs regulated by a certain miR-
NA, M is the number of all TGs in a certain chromosome or
chromosome band and X is the number of TGs regulated by a certain
miRNA in a certain chromosome or chromosome band. We tested
the enrichment of TGs regulated by each miRNA in each chromo-
some or chromosome band in each database for each species. If
the p-value is <0.01, the TGs are considered to be signiﬁcantly en-
riched in a speciﬁc chromosome or chromosome band. The miRNA
regulating the enriched TGs is called the preferred miRNA.2.5. Deﬁnition of the target co-clustering index (TCI)
The target co-clustering index (TCI) is deﬁned to evaluate
whether miRNAs at the adjacent chromosomal locations tend to
enrich their TGs in the same chromosome. The TCI value is apositive integer. A higher TCI value indicates a higher clustering de-
gree of their targets in the same chromosome. The deﬁnition of TCI
is as follow:
We constructed a target co-clustering binary matrix, M = (aij),
using the enrichment results of TGs in the chromosomes. Each
row of the matrix represents an miRNA and the arrangement of
rows is in accordance with the genomic location of the miRNAs.
Each column represents a chromosome. If the TGs of miRNA i are
enriched in chromosome j, aij = 1, otherwise, aij = 0, 8i; j. We next
partitioned M to 24 sub-matrices M1,M2, . . . ,M24, so that miRNAs
located in the same chromosome were assigned to the same sub-
matrix. For Mk containing mk rows (k = 1, 2, . . . , 24), we deﬁne
the clustering function as:
fij ¼
1; aij ¼ aiþ1; j ¼ 1
0; other










fij2.6. Deﬁnition of the clustering degree index (CDI)
The clustering degree index (CDI) for each miRNA is deﬁned to
assess the positional clustering degree of targets of an miRNA in
the chromosomes. This index is deﬁned as the ratio of the number
of TGs within a particular segment to the number of targets regu-
lated by the identical miRNA. The values of CDI are between 0 and
1. A higher CDI value indicates a higher clustering degree of targets
of an miRNA in the chromosomes. The CDI value distribution of all
miRNAs was used to demonstrate the differences between the ob-
served and expected behavior.
2.7. Estimation of statistical signiﬁcance
To assess the statistical signiﬁcance of whether miRNAs at the
adjacent chromosomal locations tend to enrich their TGs in the
same chromosome, we calculated the real TCI value for the matrix
M. Next, we obtained 10,000 matrices by randomly assigning 0 and
1 to the target co-clustering matrix, which guaranteed that the
number of 1 is ﬁxed in the rows where miRNAs located in the same
chromosome. This procedure ensured that any inherent TG cluster
characteristic in each chromosome is maintained. The 10,000 ran-
dom TCI values were also calculated. Statistical signiﬁcance was as-
sessed based on r value, deﬁned as the fraction of the ranked values
observed in the 10,000 random TCI values which were greater than
the real TCI value. r < 0.01 was considered to show a signiﬁcant dif-
ference compared with the null model.
To assess the statistical signiﬁcance of whether the targets of an
miRNA tend to be enriched in the same chromosome, we calcu-
lated the real CDI value for each miRNA. Next, we randomly recon-
nected the miRNA with genes while keeping the number of targets
of the miRNA unchanged. The 10,000 random CDI values were cal-
culated. The preference for targets of an miRNA tending to be en-
riched in the same chromosome was measured by r value as
described above. Only those miRNAs with r < 0.01 were considered
signiﬁcant.
To assess the statistical signiﬁcance of whether chromosome
bands in a group tend to be fragile sites, we calculated the number
of fragile sites in a group. We randomly picked chromosome bands
from the whole genome and ensured that the number of chromo-
some band in the group was the same for 10,000 times. Corre-
sponding numbers of fragile sites were counted. Statistical
signiﬁcance was estimated by r value as described above. Only
those groups with r < 0.05 were considered signiﬁcant.
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3.1. Most miRNA TGs tend to be enriched in speciﬁc chromosomes
We identiﬁed 420miRNAs (59%, p < 0.01, miRBase), 396miRNAs
(80%, p < 0.01, miRGen) and 209 miRNAs (42%, p < 0.01, miRNA-
Map) with TGs enriched in at least one speciﬁc chromosome. A
hypergeometric test was done by observing the number of target
genes in the chromosome (see Section 2). We integrated the
results from the three databases to reduce the number of false-
positives among the results induced by TGs that were predicted
by different prediction algorithms in different miRNA databases.
Consistent results were obtained for at least two databases; that
is, TGs are enriched in the same chromosome in at least two dat-
abases. We found that the TGs of 150 miRNAs are enriched in at
least one chromosome inH. sapiens (Fig. 1). The TGs ofmostmiRNAs
are enriched in chromosomes 6, 16, 17, 19 and 22, a few in chromo-
somes 7, 11, 12, 18 and X but none on chromosome 3, 5, 8, 14 or 21.
Finding this pattern of TG clustering motivated us to investigate
whether the TGs of miRNAs from adjacent chromosomal locations
tend to be enriched in the same chromosome in H. sapiens. WeFig. 1. The chromosome preference proﬁle for regulating by preferred miRNAs with con
human chromosome. Each row represents a signiﬁcance proﬁle of a speciﬁc miRNA. The
This panel shows the chromosomes where the targets of one speciﬁc miRNA enriched. (
miRNAs are found in one speciﬁc chromosome. All human chromosomes (except 3, 5, 8calculated the real TCI value (see Section 2) using the enrichment
results for 150 miRNA TGs. The r-value (see Section 2) for 10,000
permutations was less than 0.01, conﬁrming that the miRNA TGs
from adjacent chromosomal locations tend to be enriched in the
same chromosome.
Furthermore, we studied whether TGs tend to be enriched in
speciﬁc chromosomes in other mammals. We found that the TGs
of a majority of miRNAs are enriched in at least one particular
chromosome in R. norvegicus (151 (43%), p < 0.01), M. musculus
(253 (44%), p < 0.01), M. mulatta (40 (57%), p < 0.01) and P. troglo-
dytes (27 (33.7%), p < 0.01).
3.2. The TGs of most miRNAs tend to be enriched in speciﬁc
chromosome bands
We asked whether the clustering pattern of TGs is due to
enrichment in speciﬁc chromosome bands. We took each chromo-
some band as a unit, and studied the distribution of TGs within it.
We found 697 miRNAs (98%, p < 0.01, miRBase), 491 miRNAs
(98%, p < 0.01, miRGen) and 276 miRNAs (59%, p < 0.01, miRNA-
Map) with TGs enriched in at least one particular chromosomesistent results in at least two databases. (A) The column in the proﬁle represents a
preferred miRNAs are ordered after hierarchically clustering their p-value proﬁles.
B) The preferred miRNAs for each chromosome. This panel shows which preferred
, 14 and 21) correspond to a set of preferred miRNAs.
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the number of target genes in the chromosome band. We inte-
grated the results from the three databases according to chromo-
some bands as we did with the chromosomes. We found that
TGs of 251 miRNA TGs were signiﬁcantly enriched in 192 chromo-
somes bands (Fig. 2). Most miRNA TGs are enriched in speciﬁc
chromosomal bands, such as 19p13.3, 6p21.3, 16p13.3, 19p13.13,
15q13.2, 8q24.3 and 9q34.3. For most other chromosomal bands
(148 out of 192), the number of miRNAs with TGs enriched in
one of them is no less than 3. These results indicate that most miR-
NA TGs tend to be clustered in speciﬁc chromosome bands, which
accounts for the compact and close distribution of TGs on
chromosomes.
We asked whether the TGs of miRNAs from adjacent chromo-
somal locations tend to be enriched in the same chromosome
band; that is, whether there are higher-order interactions between
speciﬁc chromosomal regions. We calculated the real TCI value (see
Section 2) using the chromosome band enrichment results for the
TGs of 251 miRNAs. The r value (see Section 2) was <0.01, demon-
strating that the TGs of adjacent miRNAs are signiﬁcantly enriched
in the same chromosome band.Fig. 2. A karyotype shows the details of all chromosome bands where TGs are enriched
name of the miRNA is shown at the left of the point. Only the chromosome bands wherThe chromosome band enrichment results prompted us to
investigate in which chromosome interval TGs tend to be clus-
tered. We extracted the miRNA-TG pairs that were present in at
least in two of the miRBase, miRGen and miRNAMap databases.
By integrating these databases, we extracted 521 miRNAs and their
corresponding regulation relationships. We calculated and com-
pared real and random CDI values (see Section 2) for individual
miRNAs and found that the TGs of most miRNAs (>40%,
0.18 < CDI < 0.79) showed a signiﬁcantly strong tendency to be
clustered within a chromosomal interval of 1 Mb. We systemati-
cally varied the interval length from 1 kb to 3 Mb for validating the
robustness of CDI values and the results were showed in Supple-
mentary S1. A non-parametric Wilcoxon’s rank sum test [33] was
conducted at the 5% signiﬁcance level to determine if there are
the signiﬁcant differences between the distributions of real CDI
and random CDI values on individual genomic DNA intervals. The
test results showed that when CDI values > 0.5, there are the signif-
icant differences between the distributions of real CDI and random
CDI values on chromosomal intervals of 0.6 Mb, 0.7 Mb, 0.8 Mb,
0.9 Mb, 1 Mb, 1.2 Mb and 1.3 Mb (p-values < 0.05). This indicates
that there exists a signiﬁcant difference between the distributionand corresponding preferred miRNAs. Each red point represents an miRNA and the
e miRNA TGs are enriched are shown on the karyotype.
Fig. 3. Frequency distribution of CDI values. Distribution of CDI values for
signiﬁcant miRNAs in the real and random situation at 1 Mb genomic DNA
interval are shown. The distribution demonstrates that most signiﬁcant miRNAs
show clustering of their targets within a chromosomal interval of 1 Mb. Here, the
dashed lines represent the random frequency distribution of CDI values and the
solid lines represent the real frequency distribution of CDI values.
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of 1 Mb (Fig. 3), suggesting this is the average size of a potential
chromosome interval affected by miRNA regulation.
3.3. Most miRNAs tend to restrictively regulate genes within
high-density regions in mammals
It is interesting to see that there are preferred miRNAs corre-
sponding to most human chromosomes but not chromosome 3,
5, 8, 14 or 21. We found that the percentage of preferred miRNAsFig. 4. Relationship between the number of preferred miRNAs and gene density. (A) C
chromosomes. We found that there is a signiﬁcant correlation (R = 0.280, p < 0.01) betw
miRNAs and gene density in the chromosome bands in H. sapiens. From the bottom up
represent outliers. (C) Correlation between the number of preferred miRNAs and gene
(R = 0.280, p < 0.01) in R. norvegicus, M. musculus, M. mulatta and P. troglodytes.differs widely between chromosomes. The preferred miRNAs are
concentrated mainly in speciﬁc chromosomes and chromosome
bands, such as 19p13.3, 16p13.3 and 17q25.3, etc. We asked
whether the number of preferred miRNAs is related to chromo-
some size, gene content or gene density. Linear regression analysis
showed that the percentage of preferred miRNAs was signiﬁcantly
positively correlated with gene density (R = 0.7812, p < 0.001) in H.
sapiens (Fig. 4A), but was not correlated with chromosome length
or gene content. Similarly, signiﬁcantly positively correlated re-
sults were found for R. norvegicus, M. musculus, M. mulatta and P.
troglodytes (Fig. 4C), showing that the correlation between the per-
centage of preferred miRNAs and gene density is conserved in evo-
lution. The results for chromosome bands also showed a positive
correlation between the percentage of preferred miRNAs and gene
density in H. sapiens (Fig. 4B), which also strongly suggests a close
relationship between gene density and the percentage of preferred
miRNAs.
3.4. Chromosome bands where targets are enriched tend to be fragile
sites
Here, we also explored whether those bands where targets are
enriched would tend to be fragile sites beyond a higher gene den-
sity. The results showed that there were 59 fragile sites in 192
chromosome bands. According to the number of preferred miRNAs
in each band, the bands were divided into three groups. We sepa-
rately tested whether those bands in each group were fragile sites.
We found that there were 26 (23%, r > 0.05) fragile sites in 112
bands which had only one preferred miRNA, 15 (39%, r < 0.05) sites
in 38 bands which had two preferred miRNAs, 21 (43%, r < 0.05)
sites in 48 bands which had more than or equal to three preferredorrelation between the number of preferred miRNAs and gene density in human
een them. (B) The box plot shows a positive relationship between the number of the
ward, the box lines represent 10th, 25th, 50th, 75th, and 90th percentiles. Circles
density in the chromosomes of other mammals. There is a signiﬁcant correlation
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ferred miRNAs tended to be fragile sites.
3.5. The primate-speciﬁc miRNAs tend to regulate targets in some
speciﬁc chromosomes
Although most miRNAs were found to enrich their targets in the
mammalian chromosomes, it is still under exploring whether spe-
cies-speciﬁc miRNAs tend to regulate targets in speciﬁc chromo-
some in human. We studied the enrichment of primate-speciﬁc
miRNAs (C19MC and CXMC) in human chromosome [34,35]. We
found that targets of 21(39%) miRNAs in C19MC were enriched
in 12 chromosomes. For instance, there are, respectively, 7, 4, 4,
2, 2 and 2 preferred miRNAs in chromosome 15, 1, 19, 10, 13 and
X. The results showed targets of primate-speciﬁc miRNAs were en-
riched in some speciﬁc human chromosomes.
3.6. miRNAs belonging to miRNA family tend to enrich their targets in
the same chromosome and band
For the chromosome, we found 9 miRNA families in the 150
preferred human miRNAs including mir-17, mir-30, mir-154,
mir-8, mir-99, mir-221, mir-302, mir-95 and mir-551. TGs of miR-
NAs in 6(67%) families were enriched in the same chromosome and
the results were described in Supplementary S2. For example, tar-
gets of hsa-miR-93, hsa-miR-106a and hsa-miR-106b in mir-17
family are all enriched in chromosome 7. For the chromosome
band, we found 15 miRNA families in the 251 preferred human
miRNAs including mir-99, mir-95, mir-8, mir-548, mir-515, mir-
379, mir-302, mir-23, mir-221, mir-204, mir-193, mir-17, mir-
154, mir-148 and let-7. TGs of miRNAs in 10 (67%) families are en-
riched in the same chromosome band and the results were de-
scribed in Supplementary S2. For instance, TGs of hsa-let-7b, hsa-
let-7e, hsa-miR-98, hsa-let-7i and hsa-let-7c in mir-17 family are
all enriched in chromosome 19p13.13. These results showed that
miRNAs belonging to the same miRNA family tended to enrich tar-
gets in the same chromosome and band.4. Conclusion and discussion
In this study, we analyzed the distribution of miRNA TGs in each
of the human chromosomes. The results showed that most miRNA
TGs are enriched in one or a few chromosomes and we asked
whether this pattern of clustering is due to the clustering of TGs
in speciﬁc chromosome bands. The results show that most miRNA
TGs are enriched in one or a few chromosome bands. We continued
to analyze the physical interval in which TGs tend to be clustered
and the results showed that TGs regulated by the same miRNA are
clustered within chromosomal intervals of 1 Mb, which might be
the average physical distance affected by miRNA regulation in H.
sapiens. An earlier study showed that the chromosome territory–
interchromatin compartment (CT–IC) model provided a hypothesis
for a functional nuclear compartmentalization [17,36]. Most chro-
matin exists in the form of higher-order sub-compartments, called
1 Mb chromatin domains, which are major constituents of chro-
mosome territory and distinct structural units [17,37]. This result
showed that TGs regulated by the same miRNA might tend to be
clustered within 1 Mb chromatin domains. Moreover, we ana-
lyzed the distribution of miRNA TGs in the chromosomes of other
species and found that the TGs tend to be clustered in speciﬁc
chromosomes in R. norvegicus, M. musculus, M. mulatta and P. trog-
lodytes. From the above, we conclude that TGs co-regulated by
identical miRNA are not randomly distributed in all chromosomes
but are enriched in speciﬁc chromosomes or chromosome bands in
mammals. This conclusion recognizes the efﬁcacy of miRNAregulation. The co-regulated miRNA TGs are clustered in the pri-
mary or three-dimensional structures of chromosomes, which
might make TGs regulated by identical miRNA be transcribed to-
gether and reduce the energy consumption of the unwinding of
double-stranded nucleic acids. This phenomenon might have a
selection advantage during the evolution of genomes. The evolu-
tion might have favored some recombination events that permit-
ted genes that need to be regulated by the same miRNA to be
encoded close to each other.
We extended the analysis to consider whether miRNAs in the
same chromosome tend to regulate genes located in the same
chromosome in H. sapiens and the results showed that the TGs reg-
ulated by miRNAs from adjacent chromosomal locations tend to be
enriched in the same chromosome or chromosome band. This
demonstrates that there is a cooperating relationship among miR-
NAs; those located adjacently in a chromosome tend to be tran-
scribed together and their TGs, which are found to be located
adjacently in a chromosome, also tend to be transcribed together,
the adjacently located and co-transcribed miRNA might regulate
their adjacently located and co-transcribed TGs in a cooperative
manner both in space and time. In this way, energy consumption
of transcription is reduced and regulation patterns are simpliﬁed.
These results highlight the complexity of miRNA regulation.
Different chromosomes in H. sapiens have different clustering
patterns. For example, there are 53 preferred miRNAs in chromo-
some 19 but none in chromosomes 3, 5, 8, 14 or 21. We asked
whether this clustering pattern is correlated with chromosomal
characteristics. We found that there is a signiﬁcant positive corre-
lation between the number of preferred miRNAs and gene density
in mammals such as R. norvegicus, M. musculus, M. mulatta and P.
troglodytes, which indicates that the higher gene density, the great-
er the number of preferred miRNAs. The conservation and rele-
vance of this distribution in species can be understood by
exploring the expression and regulation of genes from a higher le-
vel. In human, chromosome 19 has the highest gene density and
tends to be located in the cell interior, whereas chromosome 18
tends to be located in the nuclear periphery and has the lowest
gene density [17,38,39]. The correlation between gene density
and internal position in chromosomes 18 and 19 is found also in
other human chromosomes and in the chromosomes of other spe-
cies of mammals, suggesting that miRNAs tend to regulate TGs lo-
cated in the cell interior, and that this is evolutionarily conserved
in mammals. We also found that the bands which have more pre-
ferred miRNAs tended to be fragile sites. It perhaps suggests that
the fragile site regions tend to be regulated by more miRNAs. As
we known, fragile sites are highly unstable regions of genome
[40,41]. We speculate that it may be one of the mechanisms of
maintaining a generally constant physiological state in a cell or
organism. Genes in fragile sites are regulated by more miRNAs,
which may help to maintain stable states of gene expression.
Previous studies show that there are the primate-speciﬁc miR-
NAs gene clusters (C19MC and CXMC) [34,35]. We extended the
analysis to consider whether those speciﬁc miRNAs have prefer-
ences to regulate genes in some speciﬁc chromosomes in human.
We found that targets of primate-speciﬁc miRNAs were enriched
in speciﬁc chromosomes such as chromosome 1, 9, 15 and 10. The
results are consistent with the results of the previous study [22].
These results have supported the viewpoint of the primate-speciﬁc
miRNAs that appeared at some particular evolutionary time points
tending to regulate genes in some speciﬁc chromosomes in human,
and during the course of evolution, this pattern perhaps has some
selective advantages. Because the TGs located in some speciﬁc chro-
mosomes are easier to be co-transcribed than those located in chro-
mosomes randomly, the regulation relationships between the
primate-speciﬁc miRNAs and genes may be easy to be maintained
in the evolution of genomes. We also analyzed and found that
Z.-Z. Wang et al. / FEBS Letters 585 (2011) 1897–1904 1903miRNAs belonging to the same miRNA family tend to enrich their
targets in the same chromosome and band. It may be caused by
the miRNAs in the same miRNA family having the similar target
proﬁle [42], which involved in gene dosage effect [43].
The observations on the non-random nuclear architecture and
chromosomal dynamics motivated us to ask whether the chromo-
some organization is constrained by miRNA regulation during evo-
lution. We carried out a preliminary analysis in human and chimp.
We found that mir-19a and mir-19b are the common preferred
miRNAs. Their targets are all enriched in chromosome 2 in human
and also enriched in chromosome 2b in chimp. The results of the
chimp genome project suggested that ancestral chromosomes 2a
and 2b in chimp were fused to produce human chromosome 2
[44,45]. Just from this result, it may suggest that the phenomenon
of the chromosome organization constrained by miRNA regulation
is conserved. It is interesting to investigate whether this phenom-
enon is ubiquitous in the syntenic regions among different organ-
isms in the future work.
To control the reliability of enrichment results, we considered
them from the following two points. First, the number of miRNAs
has grown over the past decade, and they are different from each
other in individual miRNA databases. We attempted to control this
expansion by using miRNA data from three miRNA databases. Sec-
ond, one frustration in the miRNA targets’ prediction ﬁeld is that
the targets are predicted by a variety of algorithms. The predicted
results have been found to have signiﬁcant false positive and false
negative rates [46,47], which would make the enrichment results
unreliable. To overcome this problem and increase the reliability
of the results, we focused on those results that were found in at
least two databases. Although we tried to address these problems
for obtaining the reliable results, the possibility that some new
miRNAs and targets are found cannot be excluded. However, we
believe that our study lays a foundation for uncovering the rela-
tionship between miRNA regulation and chromosome organization
and provides useful knowledge for exploring the miRNA regulation
from the point of chromosome structure.
Acknowledgments
This work is supported in part by the National Natural Science
Foundation of China (grant nos. 30871394, 61073136 and
91029717), the National High Tech Development Project of China,
the 863 Program (grant nos. 2007AA02Z329), the National Science
Foundation of Heilongjiang Province (grant nos. ZD200816-01,
ZJG0501, GB03C602-4, JC200711 and BMFH060044).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2011.04.059.
References
[1] Guarnieri, D.J. and DiLeone, R.J. (2008) MicroRNAs: a new class of gene
regulators. Ann. Med. 40, 197–208.
[2] Bartel, D.P. (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116, 281–297.
[3] Kim, V.N. and Nam, J.W. (2006) Genomics of microRNA. Trends Genet. 22, 165–
173.
[4] Wang, Y., Stricker, H.M., Gou, D. and Liu, L. (2007) MicroRNA: past and present.
Front Biosci. 12, 2316–2329.
[5] John, B., Enright, A.J., Aravin, A., Tuschl, T., Sander, C. and Marks, D.S. (2004)
Human MicroRNA targets. PLoS Biol. 2, e363.
[6] Lewis, B.P., Shih, I.H., Jones-Rhoades, M.W., Bartel, D.P. and Burge, C.B. (2003)
Prediction of mammalian microRNA targets. Cell 115, 787–798.
[7] Xie, X., Lu, J., Kulbokas, E.J., Golub, T.R., Mootha, V., Lindblad-Toh, K., Lander,
E.S. and Kellis, M. (2005) Systematic discovery of regulatory motifs in human
promoters and 30 UTRs by comparison of several mammals. Nature 434,
338–345.[8] Brennecke, J., Hipfner, D.R., Stark, A., Russell, R.B. and Cohen, S.M. (2003)
Bantam encodes a developmentally regulated microRNA that controls cell
proliferation and regulates the proapoptotic gene hid in Drosophila. Cell 113,
25–36.
[9] Yoon, S. and De Micheli, G. (2005) Prediction of regulatory modules
comprising microRNAs and target genes. Bioinformatics 21 (Suppl. 2), 93–
100.
[10] Peter, M.E. (2010) Targeting of mRNAs by multiple miRNAs: the next step.
Oncogene 29, 2161–2164.
[11] Shomron, N. (2010) MicroRNAs and developmental robustness: a new layer is
revealed. PLoS Biol. 8, e1000397.
[12] Neilson, J.R., Zheng, G.X., Burge, C.B. and Sharp, P.A. (2007) Dynamic regulation
of miRNA expression in ordered stages of cellular development. Genes Dev. 21,
578–589.
[13] Cai, Y., Yu, X., Hu, S. and Yu, J. (2009) A brief review on the mechanisms of
miRNA regulation. Gen. Proteom. Bioinformat. 7, 147–154.
[14] Davis, B.N. and Hata, A. (2009) Regulation of MicroRNA Biogenesis: A miRiad
of mechanisms. Cell Commun. Signal 7, 18.
[15] Lee, T.I. and Young, R.A. (2000) Transcription of eukaryotic protein-coding
genes. Annu. Rev. Genet. 34, 77–137.
[16] Lieb, J.D. and Clarke, N.D. (2005) Control of transcription through intragenic
patterns of nucleosome composition. Cell 123, 1187–1190.
[17] Cremer, T. and Cremer, C. (2001) Chromosome territories, nuclear architecture
and gene regulation in mammalian cells. Nat. Rev. Genet. 2, 292–301.
[18] Gasser, S.M. (2002) Visualizing chromatin dynamics in interphase nuclei.
Science 296, 1412–1416.
[19] Kosak, S.T., Scalzo, D., Alworth, S.V., Li, F., Palmer, S., Enver, T., Lee, J.S. and
Groudine, M. (2007) Coordinate gene regulation during hematopoiesis is
related to genomic organization. PLoS Biol. 5, e309.
[20] Calin, G.A. et al. (2004) Human microRNA genes are frequently located at
fragile sites and genomic regions involved in cancers. Proc. Natl. Acad. Sci. USA
101, 2999–3004.
[21] Baskerville, S. and Bartel, D.P. (2005) Microarray proﬁling of microRNAs
reveals frequent coexpression with neighboring miRNAs and host genes. RNA
11, 241–247.
[22] Wang, Q.H. et al. (2011) Systematic analysis of human microRNA divergence
based on evolutionary emergence. FEBS Lett. 585, 240–248.
[23] Zhang, Y., Woltering, J.M. and Verbeek (2007) Screen of microRNA targets in
zebraﬁsh using heterogeneous data sources: a case study for Dre-miR-10 and
Dre-miR-196. Int. J. Math., Phys. Eng. Sci. 2, 10–17.
[24] Grifﬁths-Jones, S., Grocock, R.J., van Dongen, S., Bateman, A. and Enright, A.J.
(2006) MiRBase: microRNA sequences, targets and gene nomenclature.
Nucleic Acids Res. 34, D140–D144.
[25] Megraw, M., Sethupathy, P., Corda, B. and Hatzigeorgiou, A.G. (2007) MiRGen:
a database for the study of animal microRNA genomic organization and
function. Nucleic Acids Res. 35, D149–D155.
[26] Hsu, P.W. et al. (2006) MiRNAMap: genomic maps of microRNA genes and
their target genes in mammalian genomes. Nucleic Acids Res. 34,
D135–D139.
[27] Hsu, S.D. et al. (2008) MiRNAMap 2.0: genomic maps of microRNAs in
metazoan genomes. Nucleic Acids Res. 36, D165–D169.
[28] Sayers, E.W. et al. (2009) Database resources of the National Center for
Biotechnology Information. Nucleic Acids Res. 37, D5–D15.
[29] Rosen, N., Chalifa-Caspi, V., Shmueli, O., Adato, A., Lapidot, M., Stampnitzky, J.,
Safran, M. and Lancet, D. (2003) GeneLoc: exon-based integration of human
genome maps. Bioinformatics 19 (Suppl. 1), 222–224.
[30] Hubbard, T. et al. (2002) The Ensembl genome database project. Nucleic Acids
Res. 30, 38–41.
[31] Seal, R.L., Gordon, S.M., Lush, M.J., Wright, M.W. and Bruford, E.A. (2011)
Genenames.org: the HGNC resources in 2011. Nucleic Acids Res. 39, D514–
D519.
[32] Gentleman, S.F.A.R. (2008) Hypergeometric Testing Used for Gene Set
Enrichment Analysis, Springer, New York.
[33] Hollander, M. and Wolfe, D.A. (1999) Nonparametric Statistical Methods, 2nd
ed, Wiley, USA.
[34] Lin, S. et al. (2010) Computational identiﬁcation and characterization of
primate-speciﬁc microRNAs in human genome. Comput. Biol. Chem. 34, 232–
241.
[35] Noguer-Dance, M., Abu-Amero, S., Al-Khtib, M., Lefevre, A., Coullin, P.,
Moore, G.E. and Cavaille, J. (2010) The primate-speciﬁc microRNA gene
cluster (C19MC) is imprinted in the placenta. Hum. Mol. Genet. 19, 3566–
3582.
[36] Cremer, T. et al. (2000) Chromosome territories, interchromatin domain
compartment, and nuclear matrix: an integrated view of the functional
nuclear architecture. Crit. Rev. Eukaryot. Gene Expr. 10, 179–212.
[37] Cremer, T., Kupper, K., Dietzel, S. and Fakan, S. (2004) Higher order chromatin
architecture in the cell nucleus: on the way from structure to function. Biol.
Cell 96, 555–567.
[38] Kupper, K. et al. (2007) Radial chromatin positioning is shaped by local gene
density, not by gene expression. Chromosoma 116, 285–306.
[39] Bickmore, W.A. and Teague, P. (2002) Inﬂuences of chromosome size, gene
density and nuclear position on the frequency of constitutional translocations
in the human population. Chromosome Res. 10, 707–715.
[40] Jiang, Y., Lucas, I., Young, D.J., Davis, E.M., Karrison, T., Rest, J.S. and Le Beau,
M.M. (2009) Common fragile sites are characterized by histone
hypoacetylation. Hum. Mol. Genet. 18, 4501–4512.
1904 Z.-Z. Wang et al. / FEBS Letters 585 (2011) 1897–1904[41] Corbin, S., Neilly, M.E., Espinosa 3rd, R., Davis, E.M., McKeithan, T.W. and Le
Beau, M.M. (2002) Identiﬁcation of unstable sequences within the common
fragile site at 3p14.2: implications for themechanismof deletionswithin fragile
histidine triad gene/common fragile site at 3p14.2 in tumors. Cancer Res. 62,
3477–3484.
[42] Jiang, Q., Hao, Y., Wang, G., Juan, L., Zhang, T., Teng, M., Liu, Y. and Wang, Y.
(2010) Prioritization of disease microRNAs through a human phenome-
microRNAome network. BMC Syst. Biol. 4 (Suppl. 1), S2.
[43] Guddeti, S. et al. (2005) Molecular evolution of the rice miR395 gene family.
Cell Res. 15, 631–638.[44] JW, I.J., Baldini, A., Ward, D.C., Reeders, S.T. and Wells, R.A. (1991) Origin of
human chromosome 2: an ancestral telomere-telomere fusion. Proc. Natl.
Acad. Sci. USA 88, 9051–9055.
[45] Yunis, J.J. and Prakash, O. (1982) The origin of man: a chromosomal pictorial
legacy. Science 215, 1525–1530.
[46] Bandyopadhyay, S. and Mitra, R. (2009) TargetMiner: microRNA target
prediction with systematic identiﬁcation of tissue-speciﬁc negative
examples. Bioinformatics 25, 2625–2631.
[47] Martin, G., Schouest, K., Kovvuru, P. and Spillane, C. (2007) Prediction and
validation of microRNA targets in animal genomes. J. Biosci. 32, 1049–1052.
